In this paper, we present investigations of the interface of electrodeposited Ge during lithiation/ delithiation in the ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide containing 0.5 M lithium bis(trifluoromethylsulfonyl)imide (LiTFSI/[Py 1,4 ]TFSI). Cyclic voltammetry (CV) and infrared spectroscopy were used to study the electrochemistry and the changes in the electrolyte during the Li intercalation/deintercalation processes. From infrared spectroscopic analysis, it was found that the TFSI À anion decomposes during the lithiation process, resulting in the formation of a solid-liquid interface (SEI) layer. X-ray photoelectron spectroscopy was used to analyse the composition of the SEI layer and the changes in the electrodeposited germanium. Furthermore, atomic force microscopy (AFM) was used to evaluate the changes in the SEI layer which showed that the SEI layer was inhomogenous and changed during the lithiation/delithiation processes.
Introduction
In recent years, lithium ion batteries (LIBs) have gained a lot of attention and are being used as energy storage devices. [1] [2] [3] To meet the current demands, high capacity electrodes with highly stable cyclability have become important. In the last two decades carbon has been used as a negative electrode which gives a moderate specific capacity of 372 mA h g À1 . 4, 5 Silicon and germanium nanostructures also have gained a lot of attention due to their high specific capacity (4200 mA h g À1 for Li 4.4 Si, 1600 mA h g À1 for Li 4.4 Ge). 6, 7 Both silicon and germanium undergo a large volume change during lithium intercalation.
To reduce these volume changes nanostructures especially in the form of nanowires and nanotubes are beneficial. 6 However, cycle life greater than a few hundred cycles has not yet been demonstrated which is also due to the instability of the solid electrolyte interface (SEI). 8, 9 Presently, carbonate electrolytes with LiPF 6 or LiTFSI are used for LIBs. 10 The organic electrolytes are usually inflammable thereby limiting the usage of batteries at higher temperatures. Furthermore, it has been shown that there is a chemical reaction between the electrode (example Si) and the organic electrolyte/LiPF 6 which hampers the specific capacity.
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In comparison, ionic liquids provide a large electrochemical window and they do not ignite as easily as volatile organic solvents. Also the decomposition temperature of ionic liquids is relatively high making them promising electrolytes for LIBs. 12, 13 In the last decade, ionic liquid electrolytes have been extensively studied in LIB systems. Lewandowski and Świderska-Mocek have reviewed a range of ionic liquids with additives that can be potentially used as electrolytes in LIBs. 13 However, most of the studies have been based on using graphite as a negative electrode. The main concern in graphite electrodes is the irreversibility due to the intercalation of [Py 1,n 12 The lithium metal electrode in ionic liquids was characterised using spectroscopic and electrochemical techniques. It was shown that the SEI layer was primarily made up of decomposition products of the TFSI Compared to the silicon matrix in a Li ion battery, the diffusivity of Li in Ge is 400 times faster. 7 Therefore, studying the interfacial processes on a Ge electrode in an ionic liquid electrolyte for LIBs is of interest. To date, most of the research has been done on developing Ge negative electrodes using vacuum techniques. 7, 20, 21 Our group has already shown the feasibility of developing Ge thin films, macroporous structures, nanowires and nanotubes by electrodeposition from ionic liquids. [22] [23] [24] [25] In this paper, we have characterised electrodeposited Ge thin film electrodes. The interfacial processes and the formation of the SEI layer were characterised using cyclic voltammetry, scanning electron microscopy (SEM), energy dispersive X-ray (EDX), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) analyses after various lithiation/delithiation processes. Correspondingly, the changes in the ionic liquid were also evaluated using infrared spectroscopy. AFM force-distance experiments were also performed to understand the mechanical properties of the SEI layer and the changes in the layer during lithiation/delithiation processes.
Experimental
[Py 1, 4 ]TFSI was purchased in the highest available quality from Io-Li-Tec (Germany) and was used after drying under vacuum at 100 1C to remove the water content to below 2 ppm. GeCl 4 (99.9999%) was purchased from Alfa Aesar. The working electrode in the experiment was a copper plate. Prior to experiments, the copper plate was cleaned in isopropanol and acetone to remove any surface contamination. Platinum and silver wires were used as a counter and a quasi-reference electrode, respectively, which gave good stability in the ionic liquid throughout the experiments. The electrochemical cell was made of Teflon and clamped over a Teflon-covered Viton O-ring onto the substrate, yielding a geometric surface area of 0.3 cm 2 . Prior to experiments, the Teflon cell and the O-ring were cleaned in a mixture of 50 : 50 vol% of concentrated H 2 SO 4 and H 2 O 2 (35%) followed by refluxing in distilled water.
The electrochemical measurements were performed in an argonfilled glove box with water and oxygen contents below 2 ppm (OMNI-LAB from Vacuum Atmospheres) by using a VersaStatt II (Princeton Applied Research) potentiostat/galvanostat controlled by powerCV and power-step software. The scan rate during cyclic voltammetry was 10 mV s À1 unless otherwise stated. The deposits obtained by constant potential deposition were characterized using scanning electron microscopy (SEM, Carl Zeiss DSM 982 Gemini) and energy dispersive X-ray spectroscopy (EDX). The samples for SEM were transferred in air. For germanium deposition, constant potential deposition was performed for 30 minutes. After electrodeposition, the remaining ionic liquid in the cell was removed and the electrodeposited germanium was cleaned with pure ionic liquid inside of the glove box. For testing the electrodeposited Ge electrode for lithium cycling, the Ag and Pt wires in the electrochemical cell were replaced by lithium which acted both as a reference and a counter electrode. 0.5 M LiTFSI in [Py 1, 4 ]TFSI ionic liquid was used as the electrolyte. After CV and charge-discharge cycles, the electrodeposited Ge was washed in dimethyl carbonate (DMC) to remove the remaining ionic liquid.
For XPS measurements, the samples were transferred directly from the glove box into the XPS equipment using a special transfer chamber to limit any oxidation of the sample. The spectra were obtained using an ultrahigh vacuum (UHV) apparatus with a base pressure below 1 Â 10 À10 Pa. The sample was irradiated using the Al Ka line (a photon energy of 1486.6 eV) of a non-monochromatic X-ray source (Omicron DAR 400). Electrons emitted were detected using a hemispherical analyzer (Omicron EA125) under an angle of 451 to the surface normal. All XPS spectra were displayed as a function of the binding energy with respect to the Fermi level. Fourier transform infrared spectroscopy (VERTEX 70 V, Bruker Optics GmbH) was used to characterise the electrolyte before and after the experiments to understand the changes in the ionic liquid.
Results and discussion
Fig. 1a shows one cyclic voltammetry cycle of 0.25 M GeCl 4 on the Cu substrate. Two reduction peaks are observed in the cathodic regime. The first peak at À1.4 V is the reduction of Ge(IV) to Ge(II) species and the second peak at À1.9 V is the reduction of Ge(II) to Ge(0). A kink is also observed at À1.5 V here whose assignment to a reduction process is difficult. In the anodic regime, a slight increase in current is observed at À0.5 V which could be the oxidation of the electrodeposited Ge. The CV was stopped at the former open circuit potential (OCP) to limit the oxidation/dissolution of the Cu substrate. Upon constant potential deposition at À1.9 V for 30 minutes, a black deposit was observed. The SEM of the deposit is shown in Fig. 1b . Agglomerates of about 300 nm in size are evident which are made up of smaller Ge nanoparticles in the range of 10-40 nm. 26 The EDX of the deposit shows prominent peaks of Ge and Cu. Impurities such as Cl, S and O are also observed. Cl and S are due to the remaining ionic liquid in the deposit and O is due to the partial oxidation of Ge during the transfer to the SEM. To test the electrodeposited Ge for lithium alloying/ dealloying, constant potential electrodeposition on Cu was performed at À1.9 V for 30 minutes. Li deposition and stripping cycles were subsequently performed on the electrodeposited Ge from 0.5 M LiTFSI. The CV of 0.5 M LiTFSI-[Py 1, 4 ]TFSI is shown in Fig. 2a . In the first cycle, a reduction peak at 1.25 V is seen which could be the underpotential deposition of Li. Another broad reduction process is observed at 0.5 V and might correspond to the formation of a SEI layer on the electrodeposited Ge. Below 0.25 V a negative increase in current is observed and can be attributed to the intercalation of Li and the formation of a Li x Ge 1Àx compound.
In the second CV cycle and all consecutive cycles, no reduction peak at 1.25 V is noted. Only an increase in negative current from B0.75 V is observed which can be attributed to the formation of a Li x Ge 1Àx compound. The morphology of the electrodeposited Ge after 10 CV cycles looks different (Fig. 2b ) compared to the electrodeposited Ge shown in Fig. 1b . The formation of a layer is observed in the SEM in Fig. 2b compared to the germanium nanoparticles observed in Fig. 1b , partly made up of ionic liquid. The EDX in the inset shows elements of Ge, Cu, S, F, O, N and C.
Additionally, the ionic liquid after 2 and 10 CV cycles was characterised using FTIR. Fig. 3 shows the mid-infrared spectra of the IL before and after the CV cycles. The mid-infrared spectra of IL (black line) in Fig. 3a between 500 and 1500 cm À1 show distinct peaks of the various CF 3 , SNS and SO 2 stretching modes from the TFSI À anion and are consistent with the literature. 15 Upon addition of LiTFSI to the ionic liquid (red line, Fig. 3a  and b) , a shoulder arises at 581 cm À1 and an increase in the peak intensities for SNS, OSO and CF 3 groups is observed which is related to the formation of conformers. 27 After two CV cycles (blue line) the intensity of the CF 3 , SNS and SO 2 peaks decreases between 1000 and 1400 cm
À1
. Such a decrease in the peak intensities has been related to the decomposition of the TFSI À anion in the ionic liquid. 28, 29 Furthermore, between 500 and 640 cm À1 in Fig. 3b , certain changes are noted at 601
and 618 cm À1 after 2 and 10 CV cycles. The 601 cm À1 peak has been related to the C 1 conformer of TFSI whereas 618 cm À1 is related to the C 2 conformer. 27 From Fig. 3b , it is clear that during CV cycling the C 1 conformer related to the bending modes of CF 3 , SNS and NSO 2 is affected during the decomposition of TFSI and merges with the C 2 conformer peak after 10 CV cycles. A slight decrease in the Li coordination at 581 cm À1 is also seen which indicates the formation of some Li compounds with the decomposed TFSI in the SEI layer. Furthermore there might be some decomposed products which do not absorb IR light and therefore could not be observed in the spectra. Upon increasing the number of CV cycles to 10 (pink line), a further decrease in the peak intensities in the TFSI À anions is observed which suggests that the TFSI À anion continues to decompose with an increase in the number of CV cycles. The IR spectra in the range between 2800 and 3100 cm À1 (Fig. 3c) In order to investigate the lithiation/delithiation processes, galvanostatic charge-discharge cycles were performed at constant current density and the formation of SEI layer was evaluated. Fig. 4 represents a typical charge discharge curve of 0.5 M LiTFSI-[Py 1, 4 ]TFSI on the electrodeposited Ge on Cu. It is evident from the first charge-discharge curve that the specific capacity of the lithiation process was about 2000 mA h g À1 compared to the delithiation process which was about 750 mA h g À1 indicating that the Columbic efficiency in the first charge-discharge cycle with a constant current of 200 mA cm À2 is only B38%.
To evaluate the interfacial processes during the first chargedischarge cycle, the experiments were stopped at various cut-off voltages and the SEI layer formed on the electrodeposited Ge was evaluated.
The SEM in Fig. 5 shows the microstructure of electrodeposited Ge at cut-off voltages of 0.22 V, 0 V and 2.0 V vs. Li/Li + . Fig. 5a represents the microstructure obtained at a cutoff voltage of 0.22 V, from which it is evident that the spherical morphology of the electrodeposited Ge (Fig. 1b) has rather changed into a flat plate like structure. This suggests that at initial states Ge has alloyed with lithium. Upon fully charging the electrodeposited Ge, the growth of an additional layer is evident in Fig. 5b and the Ge nanoparticles can no longer be observed. The EDX in Fig. 5c shows that besides Ge, there is S, F, O, Cl and C. The presence of these elements indicates that a thick SEI layer has formed on the electrodeposited Ge. However, after 1 charge-discharge cycle (Fig. 5d) , the layer observed in Fig. 5b has diminished, suggesting that there is a change in the SEI layer during the discharge process. In order to gain more insight into the SEI layer, AFM and XPS were performed at different cut-off potentials indicated by the arrows in Fig. 4. Fig. 6 shows the AFM images and force distance curves of electrodeposited Ge and Ge charged until a potential of 0.22 V. The 3D morphology of the electrodeposited Ge in Fig. 6a shows the formation of Ge clusters and is consistent with the SEM results. Force distance analysis shows a direct contact as expected when the cantilever touches the Ge deposit. Upon charging to a cut-off voltage of 0.22 V vs. Li/Li + (Fig. 6b) , a completely different topography is obtained. The surface topography shows the formation of uneven crests and troughs at different regions of the deposit. From the force distance curve, as the AFM tip moves towards the surface, an increase in the force is observed at 58 nm before contact is achieved. The force required to rupture the layer was found to be 130 nN and is related to the formation of a SEI layer. However, when the force distance curves were measured at different sites of the sample, at many sites a direct contact was obtained. This indicates that the SEI layer was inhomogeneous over the electrodeposited Ge. Also, the crests and troughs in the AFM image in Fig. 6b are at random places which led to a varied force-distance curve. It has been shown that with a reduced concentration (o1 M) of the lithium salt, the intercalation/ deintercalation process in graphite does not take place which was due to the exfoliation of graphite and possibly unstable SEI layer formation. 30, 31 As the concentration of LiTFSI in our case is 0.5 M, a uniform SEI layer might not have formed at 0.22 V. Upon fully charging, a thick SEI layer formation is observed over the entire sample, Fig. 7a . From the force distance curve, an increase in force is observed at 41 nm before contact and the force measured was 140 nN. Almost a linear increase in force is observed from 41 nm to about 30 nm after which a plateau region is observed. This suggests that upon fully charging, the SEI forms a layered structure with each layer having different mechanical properties. Similar indentation curves were also reported previously with organic electrolytes. 32 After one charge-discharge cycle, the surface roughness of the SEI layer increases as evident from Fig. 7b . The force distance curve shows an extended SEI layer formation having a depth of 149 nm and a force of 381 nN is required to rupture the SEI layer. From the force distance curve, it is evident that the SEI layer consists of a multi-layered structure as a linear increase and plateaued regions are observed. In order to investigate better into the SEI layer, 10 charge-discharge cycles were performed. The AFM after 10 charge-discharge cycles (Fig. 8) shows the topography similar to that of after 1 chargedischarge cycles in Fig. 7b . Furthermore, the force distance curve in Fig. 8 shows that the SEI layer is about 151 nm thick and 451 nN of force is needed to rupture the SEI layer.
The values are similar to the one of Fig. 7b suggesting that after the first charge-discharge cycle the thickness of the SEI layer remains stable on the electrodeposited Ge. However, the change in the force indicates that some change in the composition of the SEI layer might have taken place during the charge-discharge cycles.
XPS was performed to understand the chemical composition of the SEI layer after different states of the first charge-discharge cycle. Fig. 9 compares the XPS survey spectra of electrodeposited Ge, Ge charged till a cut-off of 0.22 V, fully charged Ge and after one charge-discharge cycle. It was observed previously that even after rinsing, small amounts of ionic liquid remain on the surface of the material and therefore the samples were etched by Ar sputtering before acquiring the XPS spectra. The XPS spectrum of the electrodeposited Ge shows mainly the peaks of germanium and copper (black line, Fig. 9 ). The XPS survey spectra after charging to 0.22 V, fully charged and after one charge-discharge cycle mainly show the decomposition products of the ionic liquids.
Furthermore, peak splits in N 1s, C 1s, S 2s and 2p and F 1s are observed. To identify the peak splits, detailed spectra were fit to different components. Fig. 10 shows the XPS spectra of Ge 2p 3/2 , F 1s and C 1s at different cut-off voltages. From the Ge 2p spectra in Fig. 10a , the electrodeposited Ge shows two components of elemental Ge and of some oxide formation. Upon charging to 0.22 V, a shoulder appears at 1217 eV with a clear shift of 1 eV to lower binding energies from elemental Ge. The shoulder corresponds to the formation of Ge x Li alloys. The formation of an alloy in XPS spectra is consistent with the change in the Ge microstructure observed in Fig. 5a . The XPS in Fig. 10a also shows a dominant presence of GeO 2 . A similar observation was made previously by Nguyen et al. 19 for the case of the Si-Cu alloy in the same ionic liquid. After fully charging the Ge electrode to 0 V, a slight increase in the Ge x Li alloy peak is found with reduction in GeO 2 formation. The decreased intensity could be related to the thick SEI layer formation as evidenced from the AFM in Fig. 7a . After one charge-discharge process, only GeO 2 is present and the shoulder of Ge x Li disappears indicating that a complete deintercalation process took place during the discharge process.
Upon charging to 0.22 V, the F 1s peak in Fig. 10b shows a prominent peak at 685.5 eV and corresponds well to the formation of LiF. 33 A shoulder at 689 eV is also seen which could be related to the presence of anion species from the ionic liquid. 33 No change in the composition is seen on fully charged
Ge. After one charge-discharge cycle a clear split in the F 1s peak is observed and the peaks relate to LiF and fluoride from the anion. The XPS of C 1s is shown in Fig. 10c . Upon charging to 0.22 V, peaks at 284.5 and 291 eV are observed. The 284.5 eV peak can be deconvoluted into two peaks which correspond to the carbon from the butyl and alkyl groups of the cation. The peak at 291 eV is due to the formation of Li 2 CO 3 . Upon charging germanium completely, the presence of Li 2 CO 3 and cations of ionic liquids is again observed. After the charge-discharge cycle, the Li 2 CO 3 peak disappears and an additional peak is seen at 293 eV which is associated with the carbon atoms in the anion of the ionic liquid. 32 The Li 1s spectra in Fig. 11a show a peak at 55.6 eV after various charge-discharge processes and do not correspond to metallic lithium or LiOH. The peak fits with Li 2 O, Li 2 S, and LiF whose binding energies differ within AE0.1 eV. The O 1s spectra (Fig. 11b) after charging to 0.22 V and fully charged can be deconvoluted into two peaks and indicate the formation of Li 2 CO 3 , LiOH/Li 2 O 2 and some oxygen from the anions. However, after one charge-discharge cycle, the deconvoluted peak at 530 eV related to LiOH/Li 2 O 2 drastically reduces. Thus, from the C 1s and O 1s spectra, it can be clearly seen that during the charging and discharging cycle, the lithium compounds change in the SEI layer which might have resulted in the formation of a porous SEI layer as observed in the AFM in Fig. 7b . In the case of S 2p, for the fully charged and charged to 0.22 V show peaks at 162.5 eV and 168.5 eV. These peaks can be ascribed to the formation of Li 2 S/GeS x or adsorbed sulphur on copper 34, 35 from the decomposed TFSI. After one charge discharge process a shift at 168.5 eV to 169 eV is observed and can be related to the sulphur from the SO 2 group in the anion. Correspondingly, we also investigated the changes in the ionic liquid after each cut-off voltage. Fig. 12 shows the IR spectra of the IL after various cut-off voltages. From Fig. 12a it is evident that after charging to 0.22 V, a decrease in intensity in the IR is observed and upon charging to 0 V, a further decrease in intensity takes place. However, after the discharge process, no change in intensity is observed. This indicates that the decomposition of the TFSI anion during the charging process results in the formation of a SEI layer as seen from AFM and XPS studies. During discharge the TFSI anion remains stable.
Upon looking into the Li coordinated region between 500 and 640 cm À1 (Fig. 12b) , it is clear that a decrease in the coordination is observed at the 581 cm À1 peak during charging to 0.22 V and 0 V which can be related to the formation of lithium compounds in the SEI layer as shown by XPS analysis. Furthermore, the 601 cm À1 peak related to the bending modes of CF 3 , SNS and NSO 2 is affected during the decomposition of TFSI wherein the peak diminishes and merges with the 621 cm À1 peak. Small shifts of about 3 cm À1 are also seen in the 571 cm À1 peak which correspond to the mixed C 1 and C 2 conformers of TFSI. These results indicate that there are some structural changes which occur in the IL electrolyte during the decomposition of TFSI anions and corroborate well with the formation of various lithium carbonate and sulphur compounds as seen from the XPS spectra in Fig. 10c and 11c. Fig. 12b 
Conclusions
In this paper we studied the morphology and composition of the SEI layer formed on electrodeposited Ge from 0.5 M LiTFSI-[Py 1, 4 ]TFSI using SEM, AFM and XPS at various cut-off potentials during lithium intercalation/deintercalation cycles. From both SEM and AFM it was observed that a thick SEI layer is formed on Ge during charging. However, during the discharge cycle, the microstructure of the SEI layer changed. From XPS, it was clear that the composition of the SEI layer changes during the charge-discharge cycle and is consistent with AFM force-distance analysis. Furthermore, the electrolyte was also analysed after the charge-discharge processes from which it could be seen that during charging there is significant decomposition of the TFSI À ion whereas the [Py 1, 4 ] + cation is relatively stable. Thus we can conclude that LiTFSI-[Py 1, 4 ]TFSI is, although, not a bad ionic liquid based electrolyte for lithium batteries and forms a relatively thick and stable SEI layer, modification in the electrolyte or a different anion might be necessary to improve the stability and composition of the SEI layer.
